The radioactive noble gas radon (Rn) can be a serious background to underground particle physics experiments studying phenomena that deposit energy comparable to its decay products. Low energy solar neutrino measurements at Super-Kamiokande suffer from these backgrounds and therefore require precise characterization of the Rn concentration in the detector's ultra-pure water. To this end, we have developed a measurement system consisting of a Rn extraction column, an activated charcoal trap, and a Rn detector. In this article, we discuss the design, calibration, and performance of the Rn extraction column. We also describe the design of the measurement system and evaluate its performance, including its background. Using this system we measured the Rn concentration in Super-Kamiokande's water during the period May 2014 to October 2015. The measured Rn concentration in the supply (return) lines of the water circulation system and found 1.62 ± 0.15 mBq/m 3 (9.06 ± 0.63 mBq/m 3 ). Water sampled from the center (bottom) region of the detector itself had a concentration of < 0.14 mBq/m 3 (95% C.L.) (2.44 ± 0.24 mBq/m 3 ).
Introduction
The framework of three-flavor neutrino oscillations [1, 2] is increasingly well understood with the notable exceptions of whether or not CP is violation in neutrino mixing and the ordering of the neutrino masses. Hints of oscillations among solar neutrinos were first obtained from survival probability [9, 17] . However, current experimental data-including other solar neutrino experiments such as radiochemical [18] [19] [20] , water Cherenkov [21] [22] [23] [24] , and liquid scintillator [25] [26] [27] [28] [29] [30] [31] experiments-are not sufficient to demonstrate the predicted MSW upturn, assuming large mixing-angle parameters. On the theoretical side, various properties of neutrinos have been proposed to explain the current experimental data-for example, the MSW effect [10, 11] , sterile neutrinos [32] [33] [34] , mass-varying neutrinos [35] , and non-standard interactions [36, 37] .
An excess of events below 5 MeV has been observed in Super-K close to the detector structure near the bottom and barrel regions of the detector [9] . However, this energy region also overlaps with that of the primary background, electrons from the β decay of 214 Bi, due to the energy resolution of the detector [13] . In order to understand this background and its contribution to the analysis of solar neutrinos, it is therefore necessary to precisely measure the Rn concentration in the water in the SK-IV detector, as well as in the purified water supplied by its water system.
Water purification system
The original water purification system for Super-K has been described in Ref. [38] . During the first phase of Super-K (SK-I), the water purification system consisted of mechanical 1 µm filters, a heat exchanger (HE1), mixed-bed de-ionization resins (Ion Exchanger, IE), ultraviolet (UV) sterilizers, a vacuum degassifier (VD), a high-quality IE (Cartridge Polisher, CP), and ultrafilters (UF) in order of their appearance in the recirculation process. Since then, it has been continuously upgraded over more than 20 years to reduce impurities and improve control over the detector environment. For example, a reverse-osmosis membrane (RO) was added to the recirculation line during the second phase of operations (SK-II), and an additional heat exchanger (HE3) was installed during the third phase (SK-III). Furthermore, at the beginning of SK-IV, in order to prevent convection in the tank water, which causes Rn and other impurities to mix into the fiducial region of the detector (detailed below), an upgraded heat exchanger (HE4) was installed to control the water temperature to an accuracy of 0.01 • C [16, 39] . The total circulation rate during SK-IV was 60 ton/h, double that of SK-III. Fig. 1 shows the configuration of the system at the end of SK-IV.
Water is supplied to Super-K through inlets in the bottom region of the inner detector (ID), as shown in Fig. 2 . The inlets extend up to z = −16.5 m in the tank, which is 40 cm below the bottom edge of the fiducial volume used for analysis [9] . While the ID is separated optically 3 from the outer detector (OD) by a Tyvek sheet [16] water in the tank still flows from the ID to the OD. Water is drained through outlets placed in the top region of the tank and in the bottom region of the OD for recirculation and purification, as shown in Fig. 2 . The outlets placed in the OD drain water from its barrel region ("OD barrel"). There are twelve inlets placed at the bottom of the ID and four outlets placed in the OD. As a result of this configuration and the precise temperature control enabled by HE4, the tank water above z = −11 m experiences laminar flow, while that below this level undergoes convection [16] .
History of Rn studies at Super-K
Several techniques for evaluating the Rn and radium (Ra) concentrations in water have been developed for underground experiments [40] [41] [42] [43] [44] [45] [46] [47] . In particular, a Rn assay system for the Super-K water was developed during SK-I [48] . Using that system, the Rn concentration in the supply water was measured to be 0.4 ± 0.2 mBq/m 3 in 2001, while that in the tank water itself was < 2.0 mBq/m 3 [14] . This was the last of such measurements prior to the results discussed below.
Experimental setup
In order to measure ultra-low levels of Rn in water, the Rn must first be extracted into air so that it can be electrostatically collected [49] . This technique requires efficient Rn extraction as well as trapping to allow enough atoms to be collected during a measurement. To accomplish this we have developed a new water-air mixing column and have expanded on the 80 L electrostatic detection system detailed in [50, 51] by introducing a chilled activated charcoal trap to enhance its Rn collection. After this concentration process, the accumulated Rn is released and transferred to the detector, achieving an overall sensitivity of ∼0.1 mBq/m 3 . This represents an order of magnitude improvement over the previous system. Fig. 3 shows a schematic diagram of the extraction column, which mixes flowing water with purge gas (air) to extract the Rn from therein. The mixing column consists of 12 spiral wing units and is equipped with inlets for both the purge air and the sampled water as well as outlets for Rn-degassed water and purge air. A buffer tank is located below the column to store Rn-degassed water.
Mixing column for radon extraction
The spiral wing unit 1 is a combination of six right-turn units and six left-turn units, which are welded to each other alternately. The inside of a wing unit contains four welded wings that are directed downward with a height, inner diameter, and outer diameter of 60.0 mm, 41.6 mm and 48.6 mm, respectively. Each wing contains several holes to improve its Rn extraction efficiency. The surfaces of the wings and holes have been electro-polished in order to reduce surface Rn contamination.
Degassed water passing through the mixing column is collected in the buffer tank. The tank is made of transparent polyvinyl chloride (PVC), so the water level can be monitored. In order to prevent gasses from the external environment from entering into the mixing column, the tank is divided into three layers and Rn-free air is supplied to the innermost layer during operations. Though EPDM (ethylene propylene diene monomer) or butyl gaskets are commonly used to connect pipes in such systems, urethane gaskets have been used between the mixing column and water tank here since this material was found to emanate less Rn [39, 44] .
As mentioned above, with the mixing column separated from the outside air, sampled water enters through the water inlet at the top, while at the same time purge air enters the mixing column through the air inlet at the middle of the system. When the sampled water falls down through the mixing column and strikes its wings, the water is turned into mist allowing the dissolved Rn to escape into the air and be transported out of the system via the upper air outlet.
The total amount of Rn in the water and in the air during this process is conserved before and after the mixing, as expressed by the following equation:
where C w,0 (C a,0 ) is the Rn concentration of the sampled water (purge air) before mixing, in units of Bq/L, C w (C a ) is that of degassed water (purge air) after mixing, and F w (F a ) is the flow rate of the water (air) through the system in units of L/min. In order to evaluate the Rn extraction efficiency, we rewrite Eq. (1) as follows:
The second term on the right side can be regarded as the Rn extraction efficiency of the system. It can be determined by measuring the Rn concentrations in both the sampled water and the purge air before and after the mixing process.
To determine the Rn extraction efficiency, we built a calibration system at Gifu University as shown in Fig. 4 . The system consists of a 70 L Rn detector [38] , an air mass-flow controller (HORIBA STEC Z512), two pressure gauges (Naganokeiki Co. Ltd. ZT67), a water mass-flow controller (TOFLO Corp. FLC620), an electrical dehumidifier (KELK DH-209C), an air pump, and an ionization chamber (OHKURA ELECTRIC Co. Ltd. RD1210B).
Purge air for the calibration was taken from the outside air at Gifu University and had typical a Rn concentration of ∼0.01 Bq/L as measured by the 70 L Rn detector. After mixing, the concentration in the outflow air was measured with the ionization chamber. Tap water from the university was used as the Rn source. Its concentration was measured with a liquid scintillator counter (LSC) system (Tri-Crab 2900TR produced by PerkinElmer Inc.), a standard method for evaluating hot spring water [52] [53] [54] , and found to be 5-7 Bq/L. The pressure inside the mixing column was monitored by two pressure gauges, located at the inlet and the outlet of the mixing column, because the Rn extraction efficiency may depend on this quantity. The electric dehumidifier was installed just after the mixing column to remove water vapor from the output air before sending it into the ionization chamber. Using the mass-flow controller, the water flow rate was maintained at either F w = 4.0 L/min or F w = 3.58 L/min; these flow rates for the Super-K measurements described in Section 5.
Calibrations were performed as follows. First, tap water and purge air are supplied to the mixing column while controlling their flow rates so that the water level in the PVC vessel remained constant. We then sampled the tap water and the Rn-degassed water at the same time using shake flasks for use in LSC measurements. During the mixing process, the Rn concentrations in the purge air and output air were monitored using the 70 L Rn detector and the ionization chamber. Finally, the Rn extraction efficiency was determined according to Eq. (1). 6 The sources of systematic uncertainty in the calibration measurements are summarized in Table 1 and are primarily based on estimates from the measurement device manufactures. Measurements of the same sampling vials as the calibration found fluctuations in the measured Rn concentration of ±7.5% [54] , which have been attributed to potential air leaks. If we assume that air leaks occurred during our measurements, the Rn concentrations in the water may decrease, resulting in an erroneously low measured value, which in turn leads to an erroneously high extraction efficiency. In order to compensate for such problems, we take the value of these fluctuations as a systematic uncertainty. Additional systematic uncertainties are taken on the water flow rate stability, ±2.0%, and the stability of the air flow rate, which is also ±2.0%.
In total, we performed calibrations 6 (11) times with the water flow rate set at F w = 4.0 L/min Table 1 : Systematic uncertainties in the calibration of the extraction efficiency. The second column denotes typical values measured during the calibration procedure described in the text.
Systematic uncertainty Typical value
Assigned uncertainty Accuracy of ionization chamber 8-12 Bq/L ±5.0% 70 L Rn detector [38] 0.01 Bq/L ±6.8% Accuracy of liquid scintillation counter 7-9 Bq/L or 2-3 Bq/L ±10.0% Air leaks in sampling vials -±7.5% Fig. 5 . The measured extraction efficiencies are summarized in Table 2 . Combining the first term with the second term in Eq. (2), we obtain the value of the sum to be 0.97 ± 0.05 (1.03 ± 0.04) for F w = 4.0 L/min (F w = 3.58 L/min), which is consistent with 1.0. Thus, the result demonstrates that the total radioactivity before and after mixing is conserved to within the measurement uncertainty.
To understand the stability of the extraction efficiency, we performed calibrations at a constant water flow of F w = 4.0 L/min (F w = 3.58 L/min) while changing the air flow from 1.6 L/min to 4.4 L/min (from 1.65 to 2.35 L/min). The ratio of the air and water flow rates varies in the range 0.4 and 1.1 (between 0.45 and 0.65). Fig. 6 shows the dependence of the extraction efficiency on this ratio. There is no observed dependence as summarized in Table 3 . 
Experimental setup and method for radon-concentration measurements
Activated charcoal efficiently absorbs various impurities [55] and is widely used to trap Rn from several gases [14, 40, 50, [56] [57] [58] [59] . It has 100% trapping efficiency below −60 • C and the trapped Rn can be removed with 100% efficiency when heated to +120 • C [60] . In order to take advantage these qualities, we designed a simple trap using a charcoal-filled 1/2 inch Ushaped electro-polished stainless steel pipe. The trap was filled with 12.5 g of activated charcoal (DIASORB G4-8, produced by Calgon Carbon Japan KK). This charcoal has also been used in previous studies [59] . When trapping Rn the trap is placed in a refrigerated ethanol bath. To release the Rn from the trap, it was removed from the bath and heated it using a band heater. The sensitivity of our detection system has been significantly enhanced by concentrating the Rn in the target air using this trap. Fig. 7 shows a schematic diagram of the entire Rn measurement system. It consists of a water pump (Iwaki Co. Ltd., MDG-R15T100), a water mass-flow controller (TOFLO Corp., FLC620), a temperature sensor (TOFLO Corp., CF-SCMT, PTM-23), the Rn extraction system described in Section 3, two pressure gauges (Naganokeiki Co. Ltd., ZT67), an electrical dehumidifier (KELK, DH-209C), three copper wool traps for further water removal, the activated-charcoal trap, a dewpoint meter (VAISALA, DMT340), an air mass-flow controller (HORIBA STEC, Z512), an aircirculation pump, and the 80 L Rn detectors [50, 51] . We used three Rn detectors to conduct three measurements in parallel.
Sample water can be supplied from the Super-K tank, the pure-water supply line, or the return water line to the water purification system with the water pump. We used commerciallyavailable G1-grade high-purity air (impurity < 0.1 ppm) as the purge gas to minimize intrinsic Rn backgrounds. It is important to remove water from the air before both the charcoal trap and the Rn detector, as their efficiency depends sensitively on the humidity [61] . The electrical dehumidifier and three copper wool traps are used for this purpose. Each copper wool trap is a 3/4 inch Ushaped pipe filled with 12.5 g of ϕ 80 µm copper wool (Nippon Steel Wool Cp., Ltd.). We placed these in an ethanol bath kept below −80 • C. Note that Rn is not captured by the cooper wool. Further, we installed 0.4 µm mesh filters (Pall Corp., CNF1004USG6) before and after the Rn trap to prevent any pieces of activated charcoal from escaping into the measurement system. For water sampling, we used 1/2 inch nylon tubes (NITAA, MOORE N2). Other system components are made of electro-polished stainless steel (NISSHO Astec Co., Ltd., MGS-EP SUS316L), and all joints are connected by VCR R gaskets to minimize Rn emanation and possible air leaks, both of which can affect backgrounds in the measurement.
There are three steps used to measure the Rn concentration in water. First, the Rn is extracted from the water using the mixing column as described above and concentrated in the chilled activated charcoal trap (concentration process). In the next step, the Rn gas is released from the trap and used to fill the Rn detector (transfer process). Finally the Rn concentration is measured with the 80 L detector (measurement process).
Before any measurement, the entire system-except for the water lines, the mixing column, and the charcoal trap-are first evacuated down to < 1.0 × 10 −4 Pa. The trap is then heated at +200 • C for about one hour to completely remove any residual Rn. Afterwards the system is filled with G1-grade air at atmospheric pressure and the trap is cooled using a refrigerator. During the concentration process, we set the water sampling rate at 3.58 L/min or 4.0 L/min and set the flow rate of the purge air to 2.0 L/min. After the water level and the air pressure in the mixing column stabilized, valves before and after the charcoal trap were opened, as shown in Fig. 7 . After letting the pressure restabilize, we closed the valves. We adjusted the sampling and concentration periods from 0.5 hours to 18 hours, depending upon the expected Rn concentration. During the transfer process, we heated the trap at +200 • C and then opened the valves again to supply pure air at 1.0 L/min in order to fill the Rn detector with the accumulated Rn. When the pressure in the Rn detector reached atmospheric pressure, we closed its entrance valve. After these procedures measurements were started, typically taking 20 days to determine the shape of the Rn decay curve.
Analysis method
Since Rn decays with a constant half-life, its initial concentration at the start of measurements can be derived from the measured decay curve. Fig. 8 shows an example of the measured concentration as a function of time. The data is fitted by the following function: Table 4 . Note that in a previous publication [50] we found B detector to be 0.33 ± 0.07 mBq/m 3 for a particular 80 L detector. However, here we treated B detector as a fitting parameter for every measurement, because the backgrounds in the three 80 L Rn detectors used in the measurement system had not been evaluated before constructing this system and the difference among them must be taken into account. Note that the first day of data is omitted from the fit as it takes several hours for radioactive equilibrium to be reached inside the detector. After obtaining A from the fit, we derived the Rn concentration in the air. We obtained the initial total radioactivity in the detector as A × V det , where V det = 0.080 m 3 is the total volume of the Rn detector. On the other hand, the total radioactivity in the purge air after degassing is 11 given by C PAD V purging , where C PAD is the Rn concentration in the purge air after degassing, and V purging = F a × t con is the total volume of the purge air that passes through the activated charcoal trap during the concentration process (F a is the flow rate of the purge air). Since the initial total radioactivity AV det should be the same as C PAD V purge , we obtain the Rn concentration in the purge air after degassing as C PAD = AV det /V purge . Here, the efficiencies of Rn trapping (ε trap ) and release (ε rel ) are assumed to be 0.99 ± 0.01, since the former (latter) reaches almost 100% when the trap is cooled down to −60 • C (baked at more than +120 • C) [60] , as mentioned above. We then derived the Rn concentration in the sampled water by dividing C PAD by the Rn extraction efficiency. Here, Rn decays during the entire measurement process must also be considered, because the concentration and transfer processes take hours. We used the correction term β corr = exp(−λt total ) for this analysis, where t total is the total time required for both the concentration and transfer processes. Finally, we obtain the Rn concentration of the sampled water (C sample ) from
where the parameters used in this equation are listed in Table 4 .
Backgrounds and systematic uncertainties
Although materials and system components were selected carefully, a Rn background still exists in the system due to air leaks and emanation from contaminants on the inner surfaces of the setup. To evaluate the background in the system, we performed several dedicated measurements. Note that this background, which we define as B system , is to be distinguished from the intrinsic 
Backgrounds from the air lines
In order to evaluate B air−line , we performed measurements bypassing the mixing column. The valves before and after the mixing column were close and air was supplied directly to the dehumidifier, copper wool traps, and the activated charcoal trap during the concentration process. We then performed the transfer and measurement processes, and we obtained B air−line from
where A, β corr , V det , V purge , ε rel and ε trap are listed in Table 4 . We performed four measurements for different durations of the concentration process (19, 21.5, 22 , and 24 hours). Using Eq. (5), we estimated the air line backgrounds to be B air−line = 0.08 ± 0.02 mBq/m 3 , which is also listed in Table 5 .
Backgrounds from the mixing column and water lines
In order to determine B mixer + B water−line , closed-loop running [40, 44] , where Rn-degassed water is sent to the mixing column repeatedly, is used. From Eq. (2), the Rn concentration in the degassed water after one mixing cycle is given by C w = C w,0 (1 − ε mixing ) = C w,0 p, where C w , C w,0 , and ε mixing are defined in Section 3.3, and p = (1 − ε mixing ). The Rn concentration in the sampling water just before the mixing column is
where C sample is the concentration in the sampled water. The concentration in the Rn-degassed water is then
After performing the mixing processes n times (i.e., after looping through the system n times), the Rn concentration in the degassed water (C n−looped ) can be written as Therefore, after a large number of mixings, the concentration, C closed−loop , reaches an equilibrium that is determined by the background and the extraction efficiency:
In order to prepare the closed-loop water, we conducted this operation for more than 6 hours (n > 50) and measured the Rn concentration following the method described in the previous section. The result is C closed−loop = 0.80 ± 0.14 mBq/m 3 for a water flow rate F w = 3.58 L/min. Thus, we obtain the background B water−line + B column = 0.58 ± 0.12 mBq/m 3 , as listed in Table 5 . In the measurements presented below we have used this value as the background.
Since the inner surface of the mixing column has been electro-polished we expect the Rn emanation rate from this part of the system to be low. In contrast, we expect the background from the PVC vessel to be relatively high and it may be the main background source.
Systematic uncertainties for measurements with this system are summarized in Table 6 .
Radon concentration measurements

Supply water
Since Rn contamination in the Super-K supply water can be a potentially dangerous source of backgrounds, monitoring its concentration is essential to understanding those backgrounds and the stability of the detector's response to them. Rn measurements of the supply water were done using a sampling port located after the last stage of the water circulation system (after HE4 in Fig. 1 ). Using data taken from June 2014 to October 2015, the Rn concentration in the supply water was found to be stable at C Supply = 1.62 ± 0.15 mBq/m 3 , as shown in Fig. 9 .
ID bottom
Since water is supplied to the Super-K tank through the ID via inlets at its bottom (Fig. 2) , measurements of the Rn concentration there should track those of the supply water itself. Water is sampled from this region by inserting a 1/2-inch nylon tube at the top of the detector at (x, y, z) = (+0.353, −0.707) m and lowering it to z = −12.000 m. This location is also used to calibrate the detector near its energy threshold (c.f. [16, 62] ) and is therefore Rn backgrounds are of particular interest. We performed several measurements as shown in Fig. 9 C ID−bottom = 2.44 ± 0.24 mBq/m 3 . Note that this is a higher concentration than that of the supply water, the implications of which are discussed in a later section.
Center of the Super-K tank
Typically the center region of the Super-K detector is the most radio pure, since it is far from the detector walls and water inputs and returns. As a result it is the best candidate for studying very low energy solar neutrino interactions and consequently it is essential to understand backgrounds from Rn daughters therein, since they have similar energy deposition as the expected signal. Water was sampled at the same (x, y) location as discussed above, but at z = +0.400 m in order to study the center of the detector. The results are shown in the thick black line of Fig. 9 . As expected, the Rn concentration in this region is quite low, often consistent with zero within measurement errors. At times the measurement shows a negative central value, which has been attributed to fluctuations of the background. We note that in these cases the upper limit on the concentration is C Center < 0.14 mBq/m 3 (95% C.L.).
Return water
The SK-IV water circulation system pumps water out of the tank for re-purification via outlets placed at the top and bottom of the detector (Fig. 2) . This return water is a mixture of water from the OD surface, the OD barrel (i.e. the OD outlet shown in the right panel of Fig. 2) , the ID top, and the OD bottom. The corresponding flow rates are listed in Table 7 .
Since a significant fraction of the water is from the OD, which is surrounded by Rn sources, including the tank lining and cavern rock, it is important to measure the return water's Rn concentration to identify potential background sources in the ID. 15 Return water was sampled from a port located just after the pump of the circulation system (return pump in Fig. 1 ) and had a measured Rn concentration of C Return = 9.06±0.63 mBq/m 3 . It is clear that water that has passed through PMTs and the detector structure has a higher concentration than that of the supply water. Comparison of these two concentrations indicates that the water circulation system's total Rn removal efficiency is 0.82 ± 0.10.
Measurement verification
As shown in Fig. 9 , the Rn concentrations in various water samples have been stable to within their measurement uncertainties. Assuming that the concentrations constant on the time scale of several hours, we can test the validity of the measurement as follows. If the total amount of Rn is proportional to the total amount of sampled water, the accumulated Rn (A/β corr ) should be a linear function of the total sampled water volume (integrated flow). The slope of this function is then Rn concentration in the sampled water. Fig. 10 is the accumulated Rn concentration as a function of the total amount of sampled water, which shows the expected linear relationship. Fitting for the slope we determine the Rn concentrations in the sampled water from the following equation, independent of Eq. (4):
Rn concentrations obtained with this method are summarized in Table 8 and compared with those from Eq. (4) after subtracting the backgrounds described in Section 4. The table also lists the χ 2 values and corresponding p-values from the fits. Regarding the latter, we note that with the exception of the center region, which has suffered fluctuations in the background, each fit is compatible with the hypothesized linear relationship. Further, the consistency of results across measurement methods indicates that the observed Rn concentrations in the Super-K water are accurate at the mBq/m 3 level.
Other OD Measurements
The bottom region of the OD may also have a large Rn concentration because dust from the detector volume may settle and accumulate there. Although the measurements of its water may provide hints at possible Rn sources in the tank, it is impossible to directly sample water from this region.
However, the Rn concentration in the OD bottom water can be indirectly estimated since part of the return water is taken from this region (see Table 7 ). The estimation proceeds via the following equation:
where variables beginning with C represent the Rn concentrations of each water sample, and similarly those with F represent the flow rates. In order to obtain C OD−barrel for this estimate, we sampled from the barrel region of the OD barrel by inserting a water sampling tube at (x, y, z) = (+17.321, −3.535, +17.000) m on November 6 , 2014 and measured a Rn concentration of 3.81 ± 0.71 mBq/m 3 . Although the tank water in the top region of ID has not been measured directly, we estimate its Rn concentration to be equal to that of the ID center water, i.e., C ID−top ∼C center , based on Super-K low energy background data [9, 63, 64] . Using these measurements and assumptions, we estimate the concentration in the OD bottom-expected to be the least radio pure region in the Super-K tank-to be C OD−bottom = 34.22 ± 3.95 mBq/m 3 .
In the Super-K tank there is a buffer gas layer between the surface of the OD water and the top of the tank [14] . A previous publication [50] concluded that Rn contamination from the Super-K tank itself is the dominant source of Rn in that buffer gas. This suggests that Rn in the buffer gas, whose concentration was measured to be 28.8 ± 1.7 mBq/m 3 , dissolves into the OD top water. In order to confirm this Rn contamination directly, we measured the Rn concentration in water at depth of 20 cm depth from the surface of the tank water by inserting a nylon tube into the calibration hole at (x, y) = (−0.950, −1.064) m. The resulting Rn concentration was 2.29 ± 0.56 mBq/m 3 , indicating that the surface water is not the main source of Rn in the buffer gas and further suggesting the detector structure is the primary source.
Conclusion and future prospects
We have developed a new technique for measuring ultra-low Rn concentrations in purified water. For this purpose, we developed and calibrated a mixing column to extract Rn from water with extraction efficiencies of 0.64 ± 0.03 for a water flow rate of F w = 4.0 L/min and 0.73 ± 0.04 for F w = 3.58 L/min when F a = 2.0 L/min. For fixed values of the water flow, we additionally found the efficiency has no dependence on the air flow rate.
Combining the extraction mixer with an existing 80 L Rn detector, we have constructed a new Rn measurement system for the Super-K water. Using this system, we measured the Rn concentration at several places in the Super-K tank and water system with a background of 0.58 ± 0.12 mBq/m 3 . During the period June 2014 to October 2015 the Rn concentrations were stable at 1.62 ± 0.15 mBq/m 3 in the supply water, < 0.14 mBq/m 3 (95% C.L.) in the ID center, 2.44 ± 0.24 mBq/m 3 at the bottom of the ID, and 9.06 ± 0.63 mBq/m 3 for in the return water. Comparing the supply water with the return water, we conclude that the dominant Rn sources are in the Super-K tank and not from its water system or buffer gas.
The method developed in this study will enable other solar neutrino detectors, such as SK-Gd and Hyper-Kamiokande [65] , to monitor the Rn concentrations in their purified water.
